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ABSTRACT 

It is possible that the tau lepton may have a longer lifetime than that predicted by 
the standard model. The simplest extension to the standard model incorporating 
a longer tauon lifetime involves the addition of a gauge singlet Weyl fermion. 
We consider the most general model of this kind and evaluate the experimental 
constraints on the various parameters of this model. We show that the model 
is consistent with the standard cosmology model for a range of parameters. We 
then examine possible signatures of the model in certain experiments searching for 
heavy neutral leptons. 
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I Introduction 

The experimental measnrements of the tau lepton lifetime suggest that it might be 
a few percent longer than the standard model prediction 11). One of the simplest 
ways of obtaining a sli(lhtly longer tau lepton lifetime is to assume that the tau 
neutrino mixes with aopther neutral particle which is more massive than the tau 
lepton [2]. Previously we have examined the possibility of implementing this sim- 
ple idea by adding only a right-handed neutrino to the minimal standard model 
(31. We showed that t& resulting model is compatible with a longer tau lifetime. 
In particular we found that to obtain tau lepton lifetime increases over the stan- 
dard model of more than 1% requires the tau neutrino to have mass greater than 
10 MeV. Thus the model will be tested when measurements of the tau neutrino 
mass improve. Anotha implication of the model is the prediction of a new heavy 
neutral Majorana fermiDn with mass between 120 MeV and 3.5 GeV. A theoretical 
motivation for this model, and more generally many other models which modify 
the lepton sector of the standard model, comes from arguments concerning electric 
charge quantization [4E 

In Ref.(3], we made the simplifying assumption of restricting the parameters of 
the model so that only the third generation mixes with the right-handed neutrino. 
In this paper we will consider the most general case and examine the experimen- 
tal bounds on the various mixing parameters. Given these bounds we can then 
examine the model to see if it is consistent with the standard big bang cosmology 
model. We then study the heavy neutral Majorana fermion in the model. We will 
also investigate the poasibillty that this heavy neutral fermion may show up in 
double vertex neutrino experiments. 

II The tau-lifetime model 

The model involves the addition of one gauge singlet Weyl fermion to the standard 
model. We denote this gauge singlet neutrino as vn. Then the most general 
Yukawa Lagrangian for the lepton sector of this model is 

C &a = c hj%%~ + Mfi’rR(v4R)e + H.c., (1) 
I=e,r.r 
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where 

,fiL = ( ‘;‘,” ) and @ = ( ;” ) (2) 

are the usual lepton doublets and Higgs doublet respectively. When the Higgs 
doublet gains a non-zero vacuum expectation value ((Q) = (u,O)~), this Yukawa 
Lagrangian contains the mass terms: 

13 mos, = 2rntimvL + Mouth + H.c., (3) 

where YL is the linear combination of weak eigenstates: 

VL = av.L + P%L + VILl (4) 

with a = X./N, p = X,JN, q = X,/N, m = Nu/2 and N = ,/m. 

There are also two orthogonal linear combinations of weak-eigenstates which are 
orthogonal to VL. They are given by 

a 

67 
%L? 

“0 _ a7 
4-m 

VeL + &.+L - JiT%L. 

Note that in this and the remainder of the paper we will denote mass eigenstates 
by the superscript 0. Clearly, these two combinations are massless from Eq.(3) 
while the massive state, vL, is not a mass eigenstate, but a line= combination of 
two mass eigenstate fields. The field YL gains mass from the terms in Eq.(3) which 
lead to a 2 x 2 mass matrix of the form: 

.c ma., = xLMXR + H.c., (6) 

where 

and 

(7) 

Diagonalising this mass matrix, we obtain two mass eigenstate Majorana neutrinos: 

YL = cos $v,“, - sin 4( v&)‘, 
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( Y~R)~ = sin &:L + cos 4( &)’ , (9) 

where 
tanqs = 5. (10) 

In summary, the addi&m of a right-handed ncutrino singlet to the standard model 
results in two masshr neutrinos, vz, L$, and two massive neutrinos, v,“, vt, with 
their masses given rrqcctively by (assuming m < M) 

:: me=~[l+o(g)], 
.:, ,. m”+++*(g)]. (11) 

The corresponding we& eigenstates are related to their mass eigenstates by 

Yr. = fry;, (12) 

where 
B Y-L = (VeL, V&&L, U,L, (~4R)Y 

and U is the unitary matrix 

pcosqb -psinqb 

The leptonic char-d current interactions are given by 

c = ~~yr~~~~v-* + H c. 
= t/z 

. 7 

(13) 

(14) 

where F = (eL,p~, q,)= and V is a 3x4 mixing matrix obtained from U by deleting 
the last row. For reference we reproduce it below: 

I 
& * ffcos4 -sin4 

v= F -g ;;;;; +i;; i 
(16) 
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13, = 2 ,o; ow%‘w%C 07) 

where 

( 

1 0 0 0 

A= 
0 1 0 0 
0 0 ccd cj 
0 0 -cos+sind sin’ 4 i 

-cos+sinij+ ’ (18) 

Notice that the neutral current interactions are independent of Q and /3. 

As will be discussed in section III, the experimental constraints on a and p 
mean that they have to be quite small (typically less than 0.03). However there 
are much less severe constraints on sinb. The main effect of a non-zero sin4 is 
that the effective coupling of the W boson to the tau iepton is reduced. Note that 
the range of parameters in the model which give an increase of more than 1% in 
the tau lifetime corresponds to sin 4 varying between 0.1 and about 0.3 [3]. In our 
previous work [3] we have analysed the model in the simplifying case of setting a 
and p to zero. We have shown that, in this case, to get an increase in the tau 
lepton lifetime of more than 1% over the standard model prediction requires that 
the mass of the tau neutrino to be more than 10 MeV. This prediction of the 
model will either be confirmed or the model ruled out when new measurements 
of the tau-neutrino mass improve (the current limit is a 35 MeV upper bound 
[5]). Note that in&ding the effects of non-zero values for a and p wiU not modify 
significantly the calculation of the tau neutrino mass since a,@ < 1. 

The Ieptonic neutral current interactions for the neutrinos are given by 

III Experimental bounds on the mixing parameters a,@ 

The model has two massive Majorana neutrinos LJ,” and vi. Both of these neutrinos 
mix with the massless v,” and I$ neutrinos. Neutrino oscillations can occur due to 
this mixing. The non-observation (61 of such oscillations imply the constraints 

u13 5 0.17, & 5 0.031 (19) 

A improved bound on Vi, can be obtained from experiments [7] searching for peaks 
in the rr -+ ev decay: 

If I MeV 5 m,,~ 5 20 MeV then Uis 2 0.05, 
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If me > 20 MeV then U,s < 0.003. (20) 

These bounds can be translated into bounds on Q and p in the model. Note that 
to get a significant (i.e. more than 1%) increase in the tauon lifetime requires 
me 2 lOMeVaudcos4% 1. Taking this into account and using Eq.(14), we find 
that Eqs.( 19) and (20) give the following bounds on (L and p: 

p .s 0.031, 

cz 5 0.05 for me -C 20 MeV, 

a 5 0.003 for m,.+ > 20 MeV. (21) 

If cz and p are non-zero, then in addition to neutrino oscillations, other lepton 
number violating processes [8] such as /L + q can occur. The decay /A -+ q is 
radiativcly induced at one-loop order in perturbation theory. However since the 
heavy neutrinos have mass less than about 3 GeV (< 1Mw,z), the induced decay 
rate is heavily suppressed by a type of GIM mechanism, and according to B.cf.[g], 
the branching ratio is 

~141S 
I 

B(fi -+ =r) =t ( 
4 

1 
co2 4% + sin’ 43 

m w$ 1 < lo-“~ap~‘. (22) 

The experimental limit on the branching fraction is 5 x 10-l* [lo]. By using the 
bounds from Eq.(21) WC see that the theoretical prediction of p + c7 is well within 
the experimental limit. 

With the addition of a fourth neutrino one has to check whether this affects 
the invisible width of the 2 boson. In the limit that all the neutrinos have masses 
much less than the 2 boson mass, one cau show that the invisible width is the 
same as that for the case of three neutrinos in the minimal standard model. Since 
the masses of the neutrinos are alI much less than the 2 boson mass, the reduction 
of the invisible 2 boson width due to the effects of the finite neutrino mass in the 
phase space factor is very small. 

IV Implications 

Having discussed the experimental bound on the various parameters of the model, 
we now wish to examine two things. The first thing is to see whether the model 
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is consistent with the standard big bang cosmology model (or sometimes called 
the “party-line cosmology model”) [ll]. Th c second thing is to examine possible 
signatures of the heavy singlet neutrino in neutrino experiments. The most im- 
portant possible conflict of the model with standard big bang cosmology is that 
the heavy tau (I$) and singlet neutrinos (uz) will not decay sufficiently rapidly. If 
they decay too slowly then their presence during the history of the universe will 
violate the energy density bound. So, to examine the question of whether or not 
the model is consistent with the standard cosomology model, we have to work out 
the expected decay rates of the heavy neutrinos. 

We start by considering the tau neutrino. The decay of the tau-neutrino, which 
hss mass between 10 and 35 MeV for the case of interest in this model, will proceed 
via the charged current interaction, i.e., 

v, + e- + W’ 4 e- + e+ + Ye+ (23) 

The coupling of the n,” and e to the W boson can be obtained from Eqs.(lS) and 
(16). For convenience we choose to express the lifetime of the tau neutrino in terms 
of the muon mass (m,) and lifetime (r,J as follows: 

1 
( ) 

5 
rti, = 7% 

as(1 - CYs)coss (b m, 7,. (24) 

For the case of interest, cos +4 = 1, 1 - as -N 1 so that the lifetime can be conve- 
niently expressed as 

Thus for a significant range of parameters of the model the lifetime of the tau 
neutrino is compatible with the party-line cosmology bound of 10’ s [12]. 

In addition to the tau ncutrino there is a heavy neutral fermion, vi, which is 
expected to have mass between 120 MeV and 3.5 GeV [3]. Its dominant decay 
mode is expected to be via the neutral current interaction provided rn,+ c m, 
113). The width due to the neutral current decay mode 

VI” --P v,” + 2’ --) u, + f + f 06) 

(with f = e,~, v~,~,~, u, d) is given by 

ryv,o) = c qv,” * v,“ff) Y GM,, cos2qbsin*~ 176 
192( 2ny 

21- 402 + 3za , 
> (27) 

f 
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where z = sin* 8~. Note that in the above estimates we have neglected the tauon 
and quarks heavier than the u and d quarks since they will be either heavily 
suppressed or forbidden by kinematics. The lifetime of ~4” can be written as 

a 

( ) 

5 

re N co9 +sin’ 4 (21 - 40s + y*s) 
*, 
- mu4 rP. 

This may be conveniently re-expressed as 

second. 

Hence ~1” has a lifetime which is easily compatible with the party-line cosmology 
model. 

Next, we will proceed to discuss the implications of this model for collider 
experiments. Since the model has a neutrino (u:) with a mass around 1 GeV, 
then one might expect its production and detection in neutrino-nucleon scattering 
experiments [14] given sufficiently high neutrino beam energies. Indeed, an expcr- 
iment at Fermilab [15] for example, has been searching for heavy neutral leptons 
of mass around about a GeV. The idea is that such a lepton would appear in 
this type of experiment as a double v&u. That is, an almost simultaneous weak 
interaction separated by some distance in the detector which corresponds to the 
creation and decay of a heavy neutral lepton. 

The heavy neutral lepton vi can be produced through either the charged or 
neutral current interaction. We focus on production via neutral currents since the 
background from ordinary coincidence weak interaction events is smaller [15, 161. 
From the neutral current interactions of Eqs.(l7) and (la), we see that only wz 
couples to ui. So in order to estimate the number of I& produced via the neutral 
current interaction, we need to know the number of u,“s in the beam. Here, we are 
assuming that the neutrinos are produced from pion and kaon decays (as in the 
case of the Fermilab experiment [15]) so that IJ~ is too heavy to be present in the 
beam. Then the number of U,“S is given by 

N(v:) = 
qrc+ + ,u+v,“) 

N(K+ -) p+) + 
lyrf --) pfv,) 

I?( K+ + ,u+vJ q7r+ -* p+qJ 
N(n+ - p+). (30) 

This can be rewritten in terms of the neutrino mixing angles as 

N(4) = IwaN( (31) 



where N(p) = N(K+ +,,u+) + N(*+ + ,u’) is the number of muons produced 
from the meson decap4 hence is also the number of weak eigenstate v,,s. From 
this, the number of ~3 aduced by neutrino-nucleon scattering normalized to the 
total number of neutirurrent interactions NNC is given by 117) 

u(v,” + N * ~4” + X) 

U(@)NC ’ (32) 

where u(u,,N)~c is the fatal neutral current cross section for neutrino-nucleon 
scattering. The ratio srffie cross sections is given by 

where P(m,,n) is the@ space factor: 

P(m)= l- 2M;iE 
( 

a 

, 
Y 1 

(here zE, denotes tbr faction of neutrino energy transferred during the scatter- 
ing). 

Ram Eq.(32) we atn estimate the number of excess neutral current (at inter- 
action) - neutral curnmt (at decay) ( n n events relative to that expected in the / ) 
minimal standard modeI. This is given by 

@n/n) = N(v:)BT(v,O + v: + Z'), 

where the branchingfrsntion Br(v,O + vz + 2') is 

(35) 

provided me < m, [13]. So, as an approximation, if we neglect the phase space 
factors in Eq.(33) then 

N(n,/n) N pa sins ~NNc. (37) 
This can be as large as 10-‘N~c for the range of parameters of interest in the 
model. For the Fermilab experiment [15], NNC = 5 x lo’, so that N(n/n) u 5 
events. Clearly a larger sample of VP - N interactions is required if the singlet 
neutrino is to be detected. 
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Note that the production of vt’s will only be distinguishable from ordinary 
neutral current interactions if the vi decays inside the detector. We need to know 
the decay length, D, which is given by 

metre, 

where Fis the momentum of the neutrino. For our model sins +4 - 10-s - 10-l and 
for a such typical experiment [15], Ifi - 10’ - 10s GeV and D 5 10 m. Using all 
this and Eq.(38) we find that the mass of vi must be more than about 400 MeV 
for the particle to be detected in this type of experiment. 

V Conclusion 

We have examined a simple model which has a longer tauon lifetime than the 
standard model value. The model is testable since it predicts that the tau neutrino 
has a Majorana mass of more than 10 MeV. In addition, the model contains a 
singlet neutrino of mass between 120 MeV and 3.5 GeV (which interacts with the 
W and Z- bosons via mixing of weak and mass eigenstates). We showed that for 
a range of parameters the model is consistent with party-line cosmology. We then 
examined a possible signature for the singlet neutrino in experiments searching 
for double vertex events. We estimated the number of events in such a typical 
experiment and conclude that such an experiment may test the model. 
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